The Na+-bile acid cotransporters NTCP and ASBT are largely responsible for the Na+-dependent bile acid uptake in hepatocytes and intestinal epithelial cells, respectively. This review discusses the experimental methods available for demonstrating electrogenicity and examines the accumulating evidence that coupled transport by each of these bile acid transporters is electrogenic. The evidence includes measurements of transport-associated currents by patch clamp electrophysiological techniques, as well as direct measurement of fluorescent bile acid transport rates in whole cell patch clamped, voltage clamped cells. The results support a Na+:bile acid coupling stoichiometry of 2:1.
INTRODUCTION
The transport of solute molecules by membrane transport proteins is electrogenic if electric charge is translocated as part of the transport cycle. Electrogenic transport processes generate a transport current and may themselves be influenced by the transmembrane electrical potential. The charge movement provides an additional driving force for transport, may greatly increase the maximal transmembrane gradients that can be achieved, makes transport sensitive to membrane potential and provides an important mechanism for regulation of transport. Kinetic studies such as those performed for glucose and amino acid transporters [1] [2] [3] [4] [5] [6] have the potential to determine which steps in the transport mechanism are electrogenic and, in conjunction with structural studies, have the potential to provide direct insight into the conformational changes associated with the transport cycle. This review will discuss the current state of knowledge of the electrogenicity of the Na+-coupled bile acid transporters and specifically summarize recent work from our laboratory on bile acid transport in hepatocytes and intestine.
CHARACTERISTICS OF EXPERIMENTAL PREPARATIONS
There are two general categories of systems that can be used as experimental preparations for the study of the function of biological transport proteins. First are systems containing all or part of the transport protein in their native milieu. These can be whole organs or tissues, primary isolated cells, such as hepatocytes and ileal epithelial cells, or they can be membrane fragments from these cells, such as isolated membrane vesicles. The advantage of these systems are that the transporter is in its native membrane. Any a To whom all correspondence should be addressed: Steven A. Weinman The advantage of the heterologous expression system is that it increases the probability that the measured transport results from the protein of interest and provides an opportunity to enhance expression and increase transport rate. The disadvantage is that an unphysiological milieu may be present, and the function of the transport proteins may be altered. Therefore, although heterologous expression of cloned transporters has provided an important opportunity to study transport, it has not obviated the need to study the transport proteins in their native cells as well.
METHODS OF DETERMINING ELECTROGENICITY Transport-associated currents
Methods to measure electrogenicity of transport can be divided into three general categories. First is the direct measurement of transport-associated currents. This approach involves initiating transport and measuring transmembrane current flow. This classic electrophysiological approach has been successful for determining the electrogenicity of Na+-K+ ATPase [7] and other ion transporting ATPases and has also proven very successful for electrogenic Na+-glucose [8] and Na+-amino acid transporters [9] . This really is what is meant by electrogenicity of transport. When the transporter cycles, it creates an electric current. There are advantages of this approach, particularly the time resolution that current measurement allows. Transport can be measured on a millisecond time scale. The disadvantage of this system is that what is being measured is electrical current before and after the initiation of transport. It is not certain that the current is actually generated by the transporter. This is particularly a problem for the study of the bile acid transporters since transport is generally initiated by the rapid addition of bile acid to the solution. If this stimulus alters the activity of ion channels or other electrical currents that flow across that membrane, the measured currents may not be resulting from the transporter.
When currents through the transporter are relatively large, much larger than other changes in membrane currents induced by the substrate, this method works well. This is the case for Na+-glucose cotransport in intestine, Na+-amino acid cotransport in pancreatic acinar cells and many other systems. However, it is potentially a problem for bile acids since the flux of bile acids into hepatocytes is relatively small compared to these other substrates, and because bile acids are relatively good detergents, may alter membrane fluidity, and have even been postulated to act as ion channels [10] . High bile acid concentrations are quite likely to alter some other ion channels presently in the membrane. Finally, there is a third method for inferring electrogenicity of cotransport processes. This is the kinetic method. In this approach, the activation kinetics of each of the cotransported substrates is examined and fitted to models of n independent binding sites. For In order to optimize the ability to detect taurocholate-induced depolarizations and exclude the possibility that the bile acid was altering membrane conductance, we conducted microelectrode impalements and membrane voltage measurements in hepatocytes after first blocking K+-conductance with quinine [ 14] . This served both to prevent changes in K+-conductance from influencing the results, and it decreased the background conductance making transport currents easier to measure. Under these conditions (Figure 1) , addition of 100 jM taurocholate resulted in a rapid and reversible depolarization of approximately 5 mV. Omitting Na+ from the medium completely blocked that depolarization and the anion transport and Na+-taurocholate cotransport inhibitor, DIDS, also blocked the depolarization. When we examined depolarization as a function of membrane potential we found a potential dependence of the calculated transport current for taurocholate, consistent with electrogenic transport (Figure 2 ). In the absence of Na+, there was no bile acid associated current. Ion substitution experiments and blockage of K+ conductance with quinine could not provide any evidence that taurocholate was changing other ion conductances. It is unlikely that the depolarization resulted from a non-specific detergent effect of the bile acid since maximum depolarization occurred at 50-100 ,uM. This is predicted for the known Km of transport of approximately 15 gM, but would be hard to explain for detergent effects, which become more significant at higher concentrations. Finally, the ability of DIDS to block the Na+-dependent taurocholate-induced depolarization strongly suggests that it results from a transport current and not a bile-acid induced increase in Na+-conductance.
Lidofsky et al. [15] studies demonstrate that taurocholate induces Na+-dependent inward current flow and provide strong direct evidence of electrogenicity of the overall process of Na+-taurocholate cotransport in primary isolated hepatocytes. The currents measured demonstrate that positive current flows into the cell in association with bile acid uptake. These data are consistent with either a 2:1 or 3:1 Na+-bile acid coupling stoichiometry [14] . Voltage-dependence of bile acid uptake
The second approach, imposing a voltage gradient and measuring effects on bile acid transport, has also been applied to hepatocytes. These were among the first studies to examine electrogenicity of Na+-bile acid cotransport and were performed once the techniques for isolation of liver sinusoidal membrane vesicles were developed. The protocol is conceptually simple. It involves using valinomycin, a K+-selective ionophore, to increase the K+ permeability of the vesicles. The vesicles are preloaded with a high internal K+ solution and incubated in a relatively low K+ external solution. Uptake rates are measured before and after addition of valinomycin. If the vesicle permeability was not already highly K+ selective, the sudden increase in K+ permeability should shift intravesicular membrane voltage close to the K+ equilibrium potential, thus hyperpolarizing the vesicles.
Studies in membrane vesicles preparations, however, have produced inconclusive results. Duffy, Meier, Boyer and colleagues showed that valinomycin did not stimulate Na+-dependent uptake of taurocholate into sinusoidal membrane vesicles [16, 17] supporting electroneutrality of transport. However, other studies using similar techniques showed that valinomycin-enhanced K+-gradients did increase Na+-taurocholate transport [18] and permeant anions stimulate the uptake of taurocholate [19] .
The reason for these discrepant results is not entirely clear. One possible explanation is that since the vesicle techniques are not able to directly measure or precisely control the intravesicular voltage, it is not absolutely certain that the imposed maneuvers produced the expected hyperpolarization. For selectivity, increasing the potassium conductance with valinomycin may not have made a significant change in vesicle membrane voltage.
To resolve some of these problems, we used whole-cell patch clamp to directly clamp cell voltage and determine if bile acid transport rate is voltage-dependent. This approach took advantage of several of the fluorescent bile acid analogs (FBA) developed by Hofmann, Schteingart and colleagues. These molecules are substrates for both the Na+-coupled uptake transporters such as Ntcp and the canalicular bile acid transporter [20] . They allow transport rate to be measured as the rate of change of cell fluorescence, while voltage is clamped with a patch clamp pipet. We used two different FBA, both derivatives of cholate with either an NBD group or a fluorescein moiety attached to the side chain ( Figure 3) . Both of these derivatives, C-NBD-L and CGamF are taken up specifically by hepatocytes by a high affinity process with Km approximately 4 and 10 ,uM, respectively. For each molecule, uptake is only partially Na+-dependent, however, suggesting that these FBA may be substrates for transporters other than Ntcp [20] .
In order to test whether fluorescent bile acid uptake in hepatocytes is electrogenic, whole-cell patch clamp was performed, and cells were voltage clamped at constant intracellular potential for periods of one to two minutes. At the same time, a photometer-based system was used to measure cell fluorescence [21] . The rate of change of cell fluorescence during the period of each voltage clamp is a measure of FBA transport rate. Figure 4 shows the effects of voltage-clamp on C-NBD-L uptake. When the cell is patched and voltage was held at -30 mV, there was a linear uptake process which persisted for approximately eight minutes. This results from the relatively high degree of intracellular binding of the FBA [22] . However, the uptake rate changed when voltage was clamped at either higher or lower values. Figure 5 shows the voltage dependence of uptake of C-NBD-L in the presence of Na+, and when Na+ was replaced by the impermeant cation, tetramethylammonium (TMA+). Only the Na+-dependent fraction of uptake was influenced by voltage. Uptake increased at more negative voltages and Na+-dependent uptake was abolished at more positive voltages. This voltage dependence is similar to that seen in the transport [25] . The added driving force contributed by electrogenicity makes this possible. In addition, electrogenic transport provides another opportunity for transport regulation by the cell. Under conditions in which the cell membrane is depolarized, bile acid entry will be reduced. This phenomenon has been measured for bile acid transport in hepatocytes [21] . Electrogenicity ofNa+-bile acid cotransport in intestine Bile acid uptake from the gut lumen into the ileal intestinal epithelial cell is mediated by a second Na+-bile acid cotransport protein located on the apical membrane of the epithelial cell [26] . This same transporter has been identified in kidney and in bile duct epithelium and has been designated the apical bile salt transporter (ASBT) [27] [26] [27] [28] . Although both proteins appear to function similarly, there are important substrate specificity differences with ASBT preferring dihydroxy bile acids and being less tolerant of bulky side-chain substitutions [29] .
There have been no direct bile acid-dependent current measurements in intestinal cells or in systems expressing ASBT. Evidence for electrogenicity, therefore, depends on the latter two approaches as described above. There have been several studies in intestinederived membrane vesicles, which looked at the effects of valinomycin and permeable anions on bile acid uptake rate. Similar to the situation in liver, these studies have been inconclusive, with both electroneutrality [30] [31] [32] or electrogenicity [33, 34] demonstrated. Some of the same issues of adequacy of the voltage clamp procedure are raised by these studies as were the case for hepatocytes.
We have recently used the fluorescent bile acid patch clamp approach to measure electrogenicity of transport in a CHO cell line stably expressing the human apical sodiumbile acid transporter. These cells have been shown to specifically express the transport protein and they transport taurocholate and cholate by a high affinity and entirely Na+-dependent manner [35] . Fluorescent bile acid transport was then examined by pre-equilibrating cells with CDC-NBD-L and determining voltage-dependent shifts in cell fluorescence. As has been preliminary reported [36] , this protocol produced voltage-dependent shifts in cell fluorescence consistent with an electrogenic transport process. Transport behaves as if net bile acid uptake moves positive charge into the cell. Further studies to define the stoichiometry of this process are underway. However, kinetic studies in this cell line by Dawson and colleagues demonstrate a 2:1 Hill coefficient for Nat [35] .
CONCLUSION
In conclusion, substantial evidence exists that the Na+-bile acid cotransporters present in both liver and intestine perform an electrogenic transport cycle and move 2 Na+ for each bile acid. For the liver transporter, the data derive primarily from studies in hepatocytes but recent work in oocytes expressing Ntcp is consistent with this. In the intestine ,the primary evidence derives from recent studies of stably transfected mammalian cells expressing the hASBT protein. In this case, transport is also electrogenic, as would be expected from the strong structural similarity of NTCP and ASBT. Electrogenicity of transport increases the maximal gradients of bile acid that can be achieved across the cell membrane and allows regulation of transport to result from changes in membrane voltage.
